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論 文 内 容 要 旨          
 It is ideal that metal chalcogenide materials used in renewable energy devices are 
synthesized by an inexpensive and safe synthetic process and have high performance. Hence, this 
study proposes a metal chalcogenide synthesis process for energy conversion devices using less 
toxic solid chalcogen sources (S8, SeO2 and Se) and metal oxide precursors under supercritical 
reductive conditions. Using simple and inexpensive staring materials is also excellent in 
environmental harmony. 
S8 + Se or SeO2 + MOx → MSySez 
(SCF reductive condition) 
This study is presently in the fundamental phase as shown in Fig. 1. It is necessary to 
understand the basic reaction process in supercritical fluids (SCFs) and the effects of SCFs on 
metal chalcogenide materials during chalcogenization.  Therefore, in this study, we first 
demonstrate that metal sulfides, selenides and its solid solutions can be synthesized in SCF. 
Subsequently, we investigate what kind of chemical reactions in the SCF occurs during the 
chalcogenization, how this process affects to the crystal growth and mass transfer within the solid, 
and how are they be dispersed in the supercritical fluid after the chacogenizaion. Finally, metal 
chalcogenides synthesized by using this process is applied to hydrogen evolution catalyst and its 
characteristics are evaluated.  
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Fig. 1 Overview of this study 
 
In chapter 2, chalcogenization processes, such as selenization, sulfurization, and 
simultaneous selenization/sulfurization, were demonstrated for the preparation of CuInSe2 and 
Cu2ZnSn(S,Se)4 films using low-cost selenium and sulfur sources, (SeO2, elemental selenium and 
elemental sulfur), at 400 °C, for 25–70 min. This process utilized scEtOH, which allowed 
supplying these sources beyond their vapor pressure. EDS, XRD, Raman spectroscopy analyses 
and absorption spectra measurements revealed that the atomic composition can be tuned by 
varying the ratio of selenium and sulfur sources. EtOH enables sufficient supply of SeO2 and 
sulfur to reaction field due to its high solubility, and in high temperature condition reduces SeO2 
and sulfur to form Se2- and S2-. It was concluded that Se2- and S2- react to metal oxide precursors 
with oxygen reduction process caused by ethanol in SCF chalcogenization. 
In chapter 3, the crystal growth and sulfur diffusion of ZnS and CZTS were analyzed 
by XRD and depth profile analyses. Crystal growth and sulfur diffusion progressed as the 
ethanol density increased. It is supposed that the reduction of metal oxide is the driving force. 
As the ethanol density was larger, its reduction was promoted and an oxygen concentration 
gradient was generated in the film. As a result, according to Fick's first law, oxygen diffused 
outward. S2- reacted with the reduced metal oxide. The continuous supply of S2- at a high 
concentration resulted in its gradual diffusion from the top to the bottom due to the 
concentration gradient.   
In chapter 4, the effects of SCFs for the morphology and dispersibility of MoS2 were 
investigated by varying the solvent and the ethanol density conditions. As a result, almost similar 
affinity between SC EtOH and SCW was found under the condition that MoS2 with edge-exposed 
structure was synthesized. In addition, it was found that as the ethanol density increased edges-
exposed MoS2 was synthesized. It means that as ethanol density increases, the affinity between 
SC EtOH and MoS2 increases. Therefore, regardless of any solvent, If MoS2 is synthesized under 
a reductive condition and equivalent HSP value to this experiment, edge-exposed MoS2 can be 
synthesized using SCF sulfurization. 
In chapter 5, the synthesis of composition-controlled edge-rich MoS2–xSex with a 
thickness of 1–10 layers and a corresponding MoS0.9Se1.1/rGO composite were demonstrated by 
using SCF chalcogenization process. The electrocatalytic HER activity increased with increasing 
Se concentration and was further improved by complexing with rGO. In particular, 
MoS0.9Se1.1/rGO showed a very low overpotential of 160 mV (vs. RHE) and a low Tafel slope of 
44 mV/dec. at a cathodic current density of 10 mA/cm2. Such good HER performance is due to 
the edge-rich structure and the conductive paths formed between MoS0.9Se1.1 and rGO. The HER 
activity values can be categorized into the highest-activity group of the previously reported 
molybdenum dichalcogenide and its composite. From the above, it was demonstrated that the 
metal chalcogenide materials synthesized by SCF chalcogenization process shows sufficiently 
high properties as a hydrogen evolution catalyst as compared with the metal chalcogenide 
material synthesized by other processes. 
In this study, it was found that SCFs with high solubility and reducibility are suitable 
for synthesis of functional metal chalcogenide materials using less-toxic solid chalcogen sources 
and metal oxide precursors. The utilization of SCF reductive condition for the synthesis of metal 
chalcogenides has a lot of advantages such as shorter reaction time, lower reaction temperature, 
the proceeding of crystal growth, the promotion of sulfur diffusion in oxide precursors and 
improvement of dispersibility of a few-layered materials. This SCF processes studied in this work 
can open sustainable chemistry to the fabrication of other metal chalcogenides. 
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論文審査結果の要旨 
 
 環境に優しい水やエタノールを反応溶媒として用いて無害な固相原料から中低温プロセスで機能性材料を合成す
ることを目的とし、超臨界流体プロセスの新しい展開を研究した。太陽電池用化合物半導体材料である CuInSe2, 
Cu2ZnSnS(Se)2などカルコゲナイド系化合物材料はこれまで金属薄膜をH2S, H2Seなどの有害ガスを用いて高温・
長時間の気相処理により作製していたが、本研究では新規反応系である超臨界流体プロセスを用いて無害な固相原
料である硫黄（Ｓ）や酸化セレン（SeO2）を原料として３５０℃前後の中温・３０分程度の短い処理にて作製出来
ることを世界で始めて見出した。太陽電池用硫化物半導体材料を安価無害な酸化物原料から省エネルギーで作製出
来たことはプロセス化学を大きく発展させる画期的な学術成果である。また、超臨界流体プロセスの高い拡散性と
反応性を用いてナノポーラスチタニア薄膜のナノ空間に CuInS2 を均一に埋め込むことにも成功して CuInS2/TiO2
の３次元ヘテロ接合太陽電池のプロセス基盤の構築を行った。また近年、単原子層シート物質が次世代の機能材料
として注目されているが本博士論文では酸化物原料である酸化モリブデン(MoO3)と固体硫黄(S)を原料として超臨
界流体処理にて直接MoS2単原子層シートを合成する画期的なプロセス開拓にも成功した。さらにSとSeO2を任意
に混ぜることにより組成制御された混晶系MoS2-xSex単原子層シートを合成することに成功し、得られた凝集粒子は
フラワー状モルフォロジーとエッジを多量に有していた。グラフェン複合により電気化学的に活性化したナノ電極
は高い水素還元電極特性を示し、従来報告されているMoS2-xSex単原子層シートの水素還元活性を超える特性を得る
ことが出来た。これらの革新的なナノシート電極材料は超臨界エタノールの高い還元性により酸化物が比較的低温
でカルコゲナイド化合物に変換し、さらに超臨界流体の溶解性により単原子層シートが単分散性で合成されたため
と考えられる。エネルギー材料の低温合成、安価無害な原料を用いて量産化を可能にする革新的な環境適応型機能
材料合成プロセスを世界で初めて確立した。本論文では、その反応システム設計とナノ構造制御および電極特性開
発に成功した成果は学術的に極めて高く、博士号授与するに十分値する学術研究と結論できる。 
 
 
よって，本論文は博士(環境科学)の学位論文として合格と認める。 
 
    
 
